The microchemical and microstructural origins of insulation-resistance degradation in BaTiO 3 -based capacitors are studied by complementary impedance spectroscopy and analytical transmission electron microscopy. The degradation under dc-field bias involves electromigration and accumulation of oxygen vacancies at interfaces. The nonstoichiometric BaTiO 3−␦ becomes locally more conducting through increased oxygen vacancy concentration and Ti ion reduction. The symmetry across the dielectric layer and locally across each grain is broken during the degradation process. Locally, the nonstoichiometry becomes so severe that metastable lattice structures are formed. The degradation in insulation resistance at the grain boundaries and electrode interfaces is associated with the double Schottky-barrier potential lowering and narrowing. This may correlate with an effective decrease in net acceptor charge density at the grain boundaries.
I. INTRODUCTION
A further challenge for the development of highperformance base-metal electrode multilayer ceramic capacitor (BME MLCCs) is to improve the device reliability while increasing volumic efficiency and reducing production cost. The reliability is associated with the time-dependent degradation in insulation resistance of the capacitors, which is characterized by a slow increase in the leakage current under applied direct-current (dc) field stress. Since the net insulation resistance of the MLCC has contributions from the BaTiO 3 dielectric layers, BaTiO 3 grain boundaries and Ni -BaTiO 3 internal electrode interfaces, the degradation in total insulation resistance of the capacitors may be controlled by the degradation of any of or all three microstructural components. 1 BaTiO 3 -based MLCCs with Ni internal electrodes are cofired in a reducing atmosphere to avoid oxidation of the electrodes. Despite the reoxidation process, there are still a large number of oxygen vacancies that are accommodated in the BaTiO 3 active layers. Long-term failure of BME MLCCs is thought to be dominated by electromigration of oxygen vacancies through the grain boundaries in the dielectric layers. [1] [2] [3] [4] [5] [6] Investigation of the degradation phenomenon for air-fired SrTiO 3 (p-type) and acceptor doped single crystal SrTiO 3 and polycrystal dielectric BaTiO 3 has been carried out by a number of authors. 1, [7] [8] [9] [10] [11] [12] [13] [14] It is believed that the degradation in insulation resistance is initiated by the oxygen vacancy electromigration toward the cathode with respect to time, field, and temperature. Dopants and defects have been found to be segregated at the grain boundaries during the sintering process and results in the formation of space charge layers at the grain boundaries. The grain boundary acts as an electrical barrier against the oxygen vacancy electromigration, and thus retards the degradation process. 1, 8, 15, 16 These regions are also depleted of electron carriers and are therefore more resistive. However, with the decrease in dielectric layer thickness within the capacitor, the role of each grain boundary must be optimized as there are fewer grain boundaries between the anodes and cathodes to limit the electronic and ionic transport and maximize total dielectric permittivity. In addition, the internal electrode interface is also a key part of the design as it can control electron injection at the cathode. 17 The insulation resistance of the electrode interface originates from the Schottky contact between the Ni internal electrode and n-type BaTiO 3 . In a study on electrical degradation of Ho-Mg codoped Ni-BaTiO 3 MLCC using impedance spectroscopy, 1 it has been suggested that oxygen vacancies are blocked by electrode interfaces. Oxygen vacancies move towards the cathodes under a dc electrical field, resulting in a high concentration of oxygen vacancies near the cathodes.
In this work, impedance spectroscopy (IS) and analytical electron microscopy (AEM) have been used to investigate the local degradation behavior in insulation resistance of commercial Ni-BaTiO 3 MLCCs. The correlation between the electrical performance and microstructure, microchemistry, and electronic structure of BaTiO 3 , BaTiO 3 grain boundaries, and Ni-BaTiO 3 electrode interfaces are all discussed.
II. EXPERIMENTAL PROCEDURES
The as-produced Ni-BaTiO 3 BME MLCCs are fabricated by cofiring BaTiO 3 dielectric layers with Ni internal electrodes at ϳ1300°C in a P O 2 of ϳ10 −10 atm. by an annealing at ϳ800°C in a P O 2 of ϳ10 −8 atm. The dimension of the capacitor is 3.5ϫ 2.5ϫ 1.15 mm 3 with Ni electrode thickness of 2 m and active layer thickness about 12 m. The devices have a capacitance of 2.2 F. Resistance degradation of the MLCCs is characterized by a slow decrease in insulation resistance under simultaneous temperature and dc field stress. The as-produced capacitors are degraded with a highly accelerated life test (HALT). The HALT tests are performed at 140°C under 400 V dc field until the insulation resistance of the MLCC becomes lower than 90% of its initial value.
The impedance of the as-produced and degraded MLCCs are measured using a Solartron SI1287 electrochemical interface and 1255B frequency response analyzer with V rms at 100 mV under N 2 atmospheres to avoid oxidation of the end copper terminations of the MLCCs. Experimental data are fitted with theoretical models based on proposed 3RC equivalent circuits using the electrochemical impedance software Z-view for Windows (Scribner Associates). 18, 19 Errors are calculated from a least-squares approach of the fitted data.
AEM is used in a complementary fashion to correlate the insulation resistance degradation of the Ni-BaTiO 3 capacitors to the microstructure/microchemistry changes in the capacitors. Cross-sectional TEM samples of the Ni-BaTiO 3 MLCCs are prepared following the same procedures described in Part I. 18 Microstructural and microchemical studies of the BME MLCCs are performed using a JEOL transmission electron microscope equipped with a field emission gun (JEOL 2010F) operating at 200 kV. Energy dispersive spectroscopy (EDS) is carried out with the Emispec system in scanning transmission electron microscopy (STEM) mode. Electron energy-loss spectroscopy (EELS) is performed with a Gatan Enfina parallel electron energy-loss spectrometer attached to the JEOL 2010F microscope. The energy resolution at the zero-loss peaks is about 1.1 eV (full width at half maximum). EELS are recorded in TEM-diffraction mode with a collection angle of 14 mrad, and analyzed with Gatan DigitalMicrograph software.
III. RESULTS AND DISCUSSIONS

A. Impedance spectroscopy analysis
The degradation in insulation resistance of each structural component, upon HALT tests, has been monitored with (IS). Figure 1(a) shows the changes of insulation resistance of Ni electrode interfaces, BaTiO 3 grain boundaries, and bulk BaTiO 3 grains as a function of temperature from 295 to 370°C. The insulation resistances associated with different circuit elements are identified from the impedance spectra by fitting the experimental data with 3RC equivalent circuit as explained in Part I. 18 The solid symbols and open symbols represent the resistance values of as-produced and degraded capacitors, respectively. The resistances decrease with increasing measurement temperature. Decreases in insulation resistances are simultaneously observed in the degraded capacitors across all three RC elements. The relationship of R E Ͼ R GB Ͼ R G (where E, GB, and G denote electrode, grain boundary, and dielectric grain) indicates that the Schottky barriers at grain boundaries and electrode interfaces play an important role in total insulation resistance of the Ni-BaTiO 3 MLCCs.
Activation energies for each circuit element are calculated from the slopes of ln͑R i ͒ versus 1 / T [ Fig. 1(b) ] since the resistances vary as a function of temperature, following
where R 0 is a constant, E A,i is the activation energy for conduction for the ith circuit element, k the Boltzmann constant, and T absolute temperature. The values of each activation energy E A,i are listed in Table I . The values of E A,i of the as-produced capacitor are in good agreement with earlier studies. 19 The activation energies of each element in the degraded capacitors are significantly lowered, implying that each element in the degraded capacitors becomes more conducting on degradation under the simultaneous temperature and dc electrical field stress. 
B. Analytical electron microscopy studies
AEM is used to correlate microstructural and microchemical changes of the degradation in insulation resistance of Ni-BaTiO 3 MLCCs. The evolution of microstructure is discussed for all three circuit elements before and after the degradation process. ) shows that the structural defects are frequently observed in the degraded capacitors. These defects are identified as linear defects that are associated with aggregation of oxygen vacancies. The distribution of the defects is inhomogeneous throughout the dielectric layers of the degraded capacitors. The dislocation loops that are noted by the arrows in Fig.  2 (b) are considered to be associated with reduction and a clustering of vacancies. 20, 21 Local EELS analysis of the loop dislocations indicates local oxygen deficiency and Ti reduction. 22 The structural defects can be suppressed through reoxidation and we do not observe many of these types of defects in the as-produced capacitors. Upon degradation under electrical field stress, local accommodation and clustering of oxygen vacancies occurs and induces microstructural defects. In addition to dislocation loops in the degraded capacitors, we recently discovered a modulated lattice structure in the BaTiO 3−␦ . 23 The modulated structure is observed when the BaTiO 3 grain is orientated to have its ͗110͘ zone axis parallel to the incident electron beam. 23, 24 The modulated structure shown in Fig. 2 (c) is associated with the clustering of oxygen vacancies in the framework of the BaTiO 3 lattice under either strong reduction conditions or electromigration of the vacancies towards the cathodes. 18, 23 The satellites surrounding the matrix electron diffraction reflections (see the inset) are correlated to an incommensurate structural modulations created from oxygen-vacancy and Ti 3+ -Ti 4+ ordering on the {111} planes. 24 
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IS results in Fig. 1 show that R GB Ͼ R G in both asproduced and degraded capacitors, indicating that BaTiO 3 grain boundaries act as resistive barriers across the dielectric layer. The barriers originate from n-type semiconducting BaTiO 3 band-bending at the grain boundaries to form backto-back Schottky barriers. The n-type grains result from the high concentration of oxygen vacancies from the low P O 2 firings of the base-metal dielectrics. The acceptors at the grain boundary enhance the potential barrier which in turn enhances high grain boundary resistivity. In this work, the dopant distribution is studied using EDS to confirm uniform distribution of key dopants used to engineer the dielectric temperature dependence and lifetime behavior of X7R-type Ni-BaTiO 3 MLCCs. [2] [3] [4] 25 Figure 3(a) shows a typical darkfield STEM image of a BaTiO 3 grain boundary of the asproduced MLCC. The grain boundary is tilted to be parallel to the incident electron beam and the adjacent grains are orientated away from strong diffraction conditions to avoid electron channeling effects. The spectra are taken in STEM mode from an area 60ϫ 12 nm 2 crossing the grain boundary and two regions that are about 50 nm away from the grain boundary under the identical experimental conditions. The EDS data obtained from the grain interiors are used as an internal standard to determine the dopant segregation at the grain boundaries. Figure 3 (b) shows a set of EDS spectra obtained from the BaTiO 3 grain boundary and grain interiors (A1, A2 regions) of the as-produced capacitor. Note that the Ti K␣ and Ba L␣ peaks overlap and are difficult to distinguish. Cu peaks arise from the copper TEM grid. Si is attributed to the sintering-aid glass additives. Peaks associated with the Ca, Mn, and Y dopants are evident in the spectrum obtained from the grain boundary. The Mn cations are typical acceptor dopants and occupy Ti sites in the BaTiO 3 lattice. If Ca occupies the Ti sites, it will behave as an acceptor. The Y 3+ can be soluble on both Ba and Ti sites and is termed and amphoteric cation. 26, 27 This dopant acts as a donor when substituted into the Ba sites or as an acceptor when on the Ti sites. Taking the amphoteric dopant Y 2 O 3 as an example, the inset shows significant Y dopant segregation at the grain boundary. The dopant segregation plays an important role in the formation of back-to-back double Schottky barriers at the Dopant segregation to grain boundaries is also observed in the degraded capacitors and no obvious changes in the dopant segregations are evident. However, it is difficult to determine quantitatively the dopant concentration at the grain boundary due to the superposition of the Ti K␣ and Ba L␣ peaks. Figure 4 (a) shows a bright-field image of BaTiO 3 and grain boundaries in an as-produced capacitor. The image is taken with the incident electron beam parallel to the ͓101͔ zone axis of grain A. The BaTiO 3 grains are free of linear defects and structural modulations. All diffraction spots in the insert are indexed as the basic reflections of the pseudocubic BaTiO 3 structure. Shown in Fig. 4(b) is an enlarged part of the grain boundary between grains A and B. The grain boundary is sharp at the atomic level and free of any additional phases, such as precipitates or amorphous phases. Figure 5 (a) shows a bright-field image of BaTiO 3 and grain boundaries in the degraded capacitors and Fig. 5(b) is a high-resolution image of the grain boundary between adjacent grains A and B. The images are obtained with the incident electron beam parallel to the ͓101͔ zone axis of grain A. In addition to the basic reflections of the pseudocubic BaTiO 3 lattice, satellite reflections are apparent in the inserted diffraction pattern, consistent with the nonstoichiometric structural modulations in the BaTiO 3 . The wavylike image contrast in grain A originates from the structural modulation of nonstoichiometry in the oxygen sublattice framework of the BaTiO 3 . However, the image contrast associated with the modulated structure is discontinuous around the grain boundaries. The defect contrast becomes faint near the grain boundary regions as noted by the dashed lines, indirectly implying that oxygen content in this grain boundary region is higher than those grain interiors and other parts of the grain boundary regions. The thickness of this nonmodulated region at the grain boundary is approximately 25 nm. The high-resolution TEM image in Fig. 5(b) indicates that the BaTiO 3 grain boundary is atomically abrupt and free of any precipitates.
In a previous paper we have shown that defective BaTiO 3 grains may have a mixed microstructure in which regular perovskite structure coexists with the modulated structure in the degraded capacitors. 23 Figures 6(a) and 6(b) show two typical distributions of the modulated phase in the degraded capacitors along a ͗110͘ zone axis. In Fig. 6(a) the modulated structure appears only in the right part of the grain, i.e., an asymmetry of the microstructural distribution is present throughout each individual BaTiO 3 grain in the highly degraded regions. Although it is difficult to perform a systematic observation on the distribution of the modulated structure in BaTiO 3 grains with respect to electrode polarization, it is reasonable to suggest that the left side and right side of the BaTiO 3 grain are toward the anode and cathode in MLCCs, respectively, as indicated by the arrows. In Fig.  6(b) , the modulated structure appears discontinuously throughout the grain. The structural modulation occurs only in the regions near grain boundaries and a regular BaTiO 3 structure remains in the center of the BaTiO 3 grain. Figure  6(c) is an enlarged image of left side part of Fig. 6(b) . This part of BaTiO 3 grain is free of structural modulations within approximately 30 nm from the grain boundary. On the other hand, the modulation extends to grain boundary at the right side of the grain, as shown in the enlarged image in Fig. 6(d) . The modulated structure in the next adjacent grain does not begin until about 40 nm away from the grain boundary. It is known that the modulated structure is formed by clustering of oxygen vacancies in the BaTiO 3 grains. 23, 24 So under the dc field stress, oxygen vacancies electromigrate from the anode toward the cathode, and the distribution of modulated defect throughout the BaTiO 3 grains can be observed as the oxygen vacancy concentration increases. At grain boundaries the barriers to the electromigration result in a pileup of oxygen vacancies in the region toward cathode when the grain boundaries are perpendicular to the applied field. This results in a modification to local transport rates and the redistribution of oxygen vacancies, and forms a local asymmetry in the oxygen microchemistry. It should also be pointed out that the grain boundaries parallel to the applied field often have the modulation up to the grain boundaries and therefore do not significantly limit in ionic conduction of the oxygen vacancies.
The Ti oxidation state and oxygen content in grain boundary regions is investigated using EELS on the capacitors before and after degradation process. Figure 7 shows a set of EELS spectra obtained from grain boundary regions and grain interiors of the as-produced [spectra(a) and (b)] and degraded capacitors [spectra (c) and (d)], respectively. The spectra are calibrated and positioned on the onsets of the O K edge ͑532 eV͒. The Ti L 2,3 and O K edges are indicated. The Ti L 3 edges of the spectra (a)-(c) are split. The splitting of the Ti L 2,3 edges is due to spin-orbit coupling and can be attributed to t 2g and e g molecular orbitals, typical for a octahedral coordination of Ti with O. 29, 30 The fine structure of O K edge fine structure is controlled by the oxygen content and the linear Ti-O bond in the perovskite. 31 Similar shapes of Ti L 2,3 and O K edges for spectra (a) and (b) indicate that Ti-O configurations do not significantly change from grain boundary region to grain interior in the asproduced capacitor. For the degraded capacitor, spectrum (c) is obtained from a grain boundary region where BaTiO 3 is free of structural modulation and spectrum (d) from the regions (grain interior or grain boundary) where the modulated defect structure is present, as shown in Figs. 5(a) and 6. Apparent fine structure changes in the Ti L 2,3 and O K edges (A, B, C, and D peaks) are observed from spectrum (c) to spectrum (d). In spectrum (d) the splitting of Ti L 2,3 edges disappears and the intensity of peak A under O K edge is reduced, indicating a perturbation of the Ti-O octahedral coordination due to the decrease in oxygen content in reduced areas of the degraded capacitor. The calculated nonstoichiometry of the barium titanate in different regions for different capacitor status is listed in Table II , which are determined through integrating the counts under the Ti L 2,3 and O K peaks for the spectra (c)-(d) by following the same approach in a previous paper. 23 The BaTiO 3 regions with a large concentration of oxygen vacancies in the grain boundary regions have modulated defects, and those without high concentration of oxygen vacancies lack modulation. The Ba-O configuration is known to be more stable than that of Ti-O in the BaTiO 3 lattice. So the variations in the fine structure of Ti L 2,3 and O K edges should correlate to the changes in Ti-O configuration. Together, Figs. 6 and 7 provide evidence of the symmetry break in oxygen vacancy distribution across the BaTiO 3 grains in the degraded capacitors. With this knowledge of the correlation between microstructure and microchemistry in the grain boundary of the degraded capacitors, we can speculate on the observed changes in the IS data. From the data shown in Fig. 1 , we observe the net resistance drops in both grain and grain boundary components in the degraded samples. Also the data listed in Table I indicate the lowering of the activation energies upon degradation. The changes in EEL spectra, modulated microstructure, and electron diffraction pattern indicate a major change in the BaTiO 3 structure, in particular with the Ti-O bonding and oxygen vacancy content. We would expect such changes in oxygen content to severely alter the band structure controlling the conduction across the grains, and the grains will be more conductive.
The grain boundary regions start with a homogeneous distribution of oxygen content in the as-produced capacitors. In addition, high performance BME-MLCCs require an enrichment of the amphoteric and acceptor dopants concentration in the grain boundary regions. [2] [3] [4] As shown earlier in bulk studies of amphoteric dopants in BaTiO 3 oxygen vacancies can be buffered in the site changing of an amphoteric dopant. 26, 27 The same reactions are expected to occur at low temperature in the grain boundary regions. Earlier, we noted that a mass-action relation can control the relative concentrations of amphoteric doping on the A and B sites, and this is proportional to the oxygen vacancy concentration via
Such a reaction reduces the total concentration of acceptor charge in the grain boundaries, and leads to a reduction in the band-bending and accommodates the oxygen vacancy. Eventually, a less negative grain boundary charge is developed and requires a less positive space charge compensation in the space charge layer as Q GB =−Q SC . 32 The changes in Schottky barrier heights eV bi as a function of acceptor charge density at the grain boundaries are schematically presented in Fig. 8 . In the as-produced capacitor, the Schottky barrier is symmetrical across the grain boundary, as shown in Fig. 8(a) . In the degraded capacitor, this symmetry is broken due to oxygen vacancies redistribution and the changes in Y site occupancy. The barrier height is lowered at the side with more Y occupying Ba sites. This is schematically shown in Fig. 8(b) . Since the two halves of the grain boundaries are no longer identical, upon degradation, field-drop will be stronger at the grain boundary side with higher barrier height. This results in an effective lowering of the activation energy across the grain boundary in the degraded capacitors ( Table I) .
Electrode interfaces
The microstructure of BaTiO 3 grains is systematically examined in the regions near adjacent anode and cathode pairs. The structures of dielectric grains are identical from anode to cathode in the as-produced capacitors. However, as shown in Figs. 9(a) and 9(b) , microstructures of BaTiO 3 grains are very inhomogeneous in the degraded capacitors with a high density of structural defects locally present near the cathodes. The dislocation loops are marked by the arrows in the image. The density of the defects is low in the dielectric grains next to the anode compared to those near the cathode.
Coupled with TEM observations represented in Fig. 9 , oxidation states of the Ti in BaTiO 3 are studied using EELS on more than five anode-cathode pairs. Figure 10 shows typical EEL spectra obtained from the centers of the BaTiO 3 grains that are directly contacted with the anode [spectrum (a)] and cathode [spectrum (b)] of the degraded MLCC, respectively. Apparent changes in the fine structures of Ti L 2,3 edges and O K edge are observed from spectra (a) to (b). The fine structures of Ti L 2,3 and O K edges in spectrum a are similar to those in the spectrum obtained from the stoichiometric BaTiO 3 . 23 In spectrum (b), no apparent sharp splitting of Ti L 2,3 edges is present, indicating a perturbation in Ti-O octahedral coordination in BaTiO 3 at cathode side due to highly oxygen deficiency. Since titanium ions in barium titanate are octahedrally coordinated to oxygen as they are in rutile, the evolution in fine structures of Ti L 2,3 and O K edges from spectra (a) to (b) are similar with those published energy loss near-edge fine structure (ELNES) from Ti 4+ as it is successively reduced to Ti 3+ and Ti 2+ . Following the approaches described previously, 23 the stoichiometries of BaTiO 3 at anode and cathode sides are calculated. The corresponding formulas of the barium titanate are given in Fig. 10 . It is evident that the oxygen vacancies experience an electromigration toward the cathodes in an applied dc electric field due to their positive charge. The electromigration of oxygen vacancies toward the cathode leads to a depletion of oxygen vacancies in the anodic region and an enrichment in the cathodic region. Since the metallic anodes and cathodes block the oxygen transfer, the capacitor is decoupled from the ambient atmosphere, and the total number of oxygen vacancy is conserved in the electrolyte.
Additional evidence for the concentration enhancement of oxygen vacancies in BaTiO 3 grains on the cathode side comes from the shift of Ti L 2,3 edges toward lower energy loss. The shift is quantified by positions of the Ti L 3 onsets (noted by the dashed lines in Fig. 10 ) after placing the onsets of the O K edges at the same energy loss ͑532 eV͒ for spectra (a) and (b). The shift of the Ti L 3 edge onset of about 0.9 eV down in energy is observed from spectrum (a) to spectra (b), indicating a chemical shift from anode to cathode. Since lower oxidation states of titanium cause chemical shifts to lower energy losses, [35] [36] [37] this shift down in energy is associated with the reduction of the Ti cations. Further, the shift of the edge onset to lower energy may be associated with a lower band gap in BaTiO 3 grains at cathode sides. 38 It is evident that within the BaTiO 3 , the Ti cation under sufficient reducing conditions will modify the Ti valence. The electromigration of oxygen vacancies between anode and cathode results in the oxidation of Ti ions at anode side through Ti 3+ → Ti 4+ + eЈ and the reduction of Ti ions at cathode side through Ti 4+ + eЈ → Ti 3+ and/or Ti 3+ + eЈ → Ti 2+ , i.e., the oxygen vacancies are compensated by a decrease in the Ti valence at cathode side and/or electron injection are trapped near the cathode region. The Ti cation may have mixed valence states in the dielectrics. 24 The oxygen vacancies pile up at the metal conductor and this increases the effective donor content and reduces the resistance at the electrode interface, driving the non-Ohmic contact toward an Ohmic contact. 39 These types of interfaces are sometimes referred to as accumulation or graded contacts.
The results presented in Part I of this work show that oxygen vacancy concentration is to all intensive purposes homogeneous in the as-produced MLCCs. 18 When applying a dc field to the capacitor, oxygen vacancies electromigrate from the anode to cathode. The redistribution and/or aggregation of oxygen vacancies results in the formation of the modulated defects in the BaTiO 3 . The grain boundary retards the oxygen vacancy transport, resulting in an asymmetrical distribution of the oxygen content throughout individual BaTiO 3 grains. However, the hindrance effect only reduces the transport, and is not 100% effective. The local and macroscopic distribution of oxygen vacancy in the degraded capacitors is schematically presented in Fig. 11 . Locally high concentrations of oxygen vacancy near the cathode and at the side of grain boundary toward cathode may lead to the leakage current increase during degradation, eventually the device breakdown occurs at the end of life of the Ni-BaTiO 3 MLCCs.
IV. SUMMARY AND CONCLUSIONS
IS offers an electrical means to monitor the changes in resistance and capacitance for the grains, grain boundaries, and electrode-grain interfaces of a multilayer ceramic capacitor during degradation. From earlier studies on reoxidation (Part I), it is inferred that the BaTiO 3 is an n-type semiconductor, with the major defects resulting from high concentration of oxygen vacancies created during the thermal processing of the devices. Both in this work and in the earlier studies performed by Chazono and Kishi, 1 it is clear that the electrical performance of the Ni-based X7R MLCCs depends greatly on the higher resistant interface regions of the grain boundaries and electrode interfaces to limit electrical conduction of electrons and also the transport of oxygen vacancies across the dielectric layers.
Combined with analytical and high-resolution transmission electron microscopy we provide more insights into the degradation process. In particular, EELS allows for direct determination of the oxygen content and titanium valence distributions after degradation. There is an increase in the concentration of oxygen vacancy across the dielectric layers towards the cathode, and within each BaTiO 3 grain there is a pileup of oxygen vacancy at the cathodic side of the grain due to the blocking effects of the grain boundaries. In contrast, towards the anodic electrode side there is a net decrease in the concentration of oxygen vacancy. Furthermore, there are more linear defects in the BaTiO 3 grains towards the cathode side corresponding to oxygen vacancy clustering. However, the most important defects can be imaged by tilting the grains to a ͗110͘ orientation, and then a modulation on {111} planes can be observed, along with satellite reflections in the selected-area diffraction patterns. Detailed analysis of this modulation reveals an asymmetric distribution in each grain, and the EELS analysis shows the modulation corresponds to the asymmetric oxygen content distribution in the highly degraded capacitors. This microstructure and its positional asymmetry are consistent with the grain boundary acting as a barrier to the positively charged oxygen vacancies. The EDS analysis of grain boundaries shows there is amphoteric dopant ͑Y 3+ ͒ and acceptor dopant enrichment at the grain boundaries. At this point we know that their segregation is of great importance in BME MLCCs; however, the precise mechanism by which they improve degradation resistance is not directly proven. Further works to determine the precise nature of the segregation distribution in the core and space charge region need to be directly monitored as oxygen vacancies penetrate to the double Schottky potentials.
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